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PHOTODESORPTION IN CARBON NANOTUBES 

Related Patent Documents 

This is a continuation of U.S. Provisional Patent Application Serial No. 
5 60/284,846, filed on April 18, 2001 and entitled "Photo-induced Phenomena in 

Carbon Nanotubes: Photo-Desorption," to which priority is claimed under 35 U.S.C. 
§120 for common subject matter. This also relates to U.S. Patent Application Serial 
No. 09/574,393 (STFD.019PA/S99-175), filed on May 19, 2000 and entitled 
"Carbon Nanotube Devices," which is a divisional/continuation-in-part of U.S 

10 Patent Application Serial No. 09/1 33 5 948 (STFD.021PA/S98-049), filed on August 
14, 1998 and entitled "Carbon Nanotube Structures Made Using Catalyst Islands," 
and which claims priority to U.S. Provisional Application Serial No. 60/171,200, 
filed on December 15, 1999; and to U.S. Provisional Patent Application Serial No. 
60/335,306 (STFD.023P1/S01-208/P1), entitled "Integrated Nanotubes for 

1 5 Electronic Noses" and filed on November 1 , 200 1 , all of which are fully 
incorporated herein by reference. 

Federally Sponsored R esearch or Development 

20 This invention was supported in part by grant number ECS 987 1 947 from the 

National Science Foundation (NSF). The U.S. Government has certain rights in the 
invention. 

Field of the Invention 

25 The present invention relates generally to carbon nanotubes and more 

particularly to photo-induced desorption in carbon nanotubes and related 
applications. 
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Background 

Carbon nanotubes are unique carbon-based, molecular structures that exhibit 
interesting and useful electrical properties. There are two general types of carbon 
5 nanotubes, referred to as multi-walled carbon nanotubes (MWNTs) and single- 
walled carbon nanotubes (SWNTs). SWNTs have a cylindrical sheet-like, one- 
atom-thick shell of hexagonally-arranged carbon atoms, and MWNTs are typically 
composed of multiple coaxial cylinders of ever-increasing diameter about a common 
axis. Thus, SWNTs can be considered to be the structure underlying MWNTs and 

10 also carbon nanotube ropes, which are uniquely-arranged arrays of SWNTs. 

Due to their unique electrical properties, carbon nanotubes are being studied 
for development in a variety of applications. These applications include, among 
others, chemical and bio-type sensing, field-emission sources, selective-molecule 
grabbing, nano-electronic devices, and a variety of composite materials with 

1 5 enhanced mechanical and electro-mechanical properties. More specifically, for 
example, in connection with chemical and biological detection, carbon nanotubes 
are being studied for applications including medical devices, environmental 
monitoring, medical/clinical diagnosis and biotechnology for gene mapping and 
drug discovery. For general information regarding carbon nanotubes, and for 

20 specific information regarding SWNTs and its applications, reference may be made 
generally to the above-mentioned patent documents, and also to: "Carbon 
Nanotubes: Synthesis, Structure, Properties and Applications," M.S. Dresselhaus, 
G. Dresselhaus and Ph. Avouris (Eds.), Springer-Verlag Berlin Heidelberg, New 
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York, 2001; and "T. Single-shell Carbon Nanotubes of 1-nm Diameter," Iijima, S. & 
Ichihashi, Nature 363, 603-605 (1993). 

In these and other carbon nanotube implementations, nanotube devices 
exhibiting both high functionality and high flexibility are desirable. For instance, in 
5 electrical applications, the ability to change electrical characteristics of a device to 
target the device's electrical behavior to a particular implementation increases the 
device's functionality and flexibility. Similarly, in chemical sensors, sensing a 
variety of molecular species using the same sensor or sensor arrangement is 
advantageous in applications where it is not feasible to use many different sensors 
10 (e.g., due to space, cost, response speed or other limitations). In previous carbon 
nanotube implementations, however, achieving high functionality and flexibility has 
been challenging. In particular, it has been difficult to readily remove molecules 
from carbon nanotubes for manipulating properties thereof. 

15 Summary 

The present invention is directed to overcoming the above-mentioned 

challenges and others related to carbon nanotube devices and their implementations. 

j 

The present invention is exemplified in a number of implementations and 
applications, some of which are summarized below. 
20 According to an example embodiment of the present invention, light is 

directed to a carbon nanotube for desorbing molecules therefrom. In connection 
with this example embodiment, it has been discovered that light of a selected 
wavelength and intensity can be used to rapidly desorb molecules from a carbon 
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nanotube. This rapid photodesorption has been found to be particularly applicable to 
molecular sensors, nanotube-based molecular electronics and optoelectronic devices. 

In another example embodiment of the present invention, a molecular sensor 
includes a carbon nanotube and a light source adapted to direct light to the carbon 
5 nanotube for desorbing molecules therefrom. In this example embodiment, the light 
applied to the carbon nanotube cleans (desorbs) molecules from the carbon 
nanotube, such that the carbon nanotube can subsequently be used for detecting 
further molecules via adsorption. The subsequently adsorbed molecules are detected 
as a function of an electrical characteristic of the carbon nanotube, such as 

10 conductance, that changes in response to the adsorbed molecules. This approach is 
particularly useful for rapid recovery with such molecular sensors. 

In another example embodiment of the present invention, a circuit 
arrangement includes a carbon nanotube having undergone photodesorption. In 
connection with this example embodiment, it has been discovered that carbon 

1 5 nanotubes having undergone photodesorption exhibit ambipolar characteristics. By 
applying a gating voltage to the carbon nanotube, p-type, n-type and insulative 
behavior can each be selectively elicited from the carbon nanotube, providing a 
flexible circuit. 

In still another example embodiment of the present invention, a circuit 
20 arrangement includes a plurality of carbon nanotube devices, each of the carbon 
nanotube devices having a selectively programmed carbon nanotube. The selective 
programming is achieved via photodesorption of molecules from one or more of the 
carbon nanotubes, with the presence and absence of molecules adsorbed to the 
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carbon nanotube being indicative of two distinct electrical states (e.g., two 
conductance states and/or "ON" and "OFF" states). 

The above summary of the present invention is not intended to describe each 
illustrated embodiment or every implementation of the present invention. The 
5 figures and detailed description that follow more particularly exemplify these 
embodiments. 



Brief Description of the Drawings 

The invention may be more completely understood in consideration of the 
10 detailed description of various embodiments of the invention that follows in 
connection with the accompanying drawings, in which: 

FIG. 1 is a flow diagram for molecular photodesorption from a carbon 
nanotube, according to an example embodiment of the present invention; 

FIG. 2 is a graph showing normalized conductance over time of a carbon 
1 5 . nanotube undergoing photodesorption, according to another example embodiment of 
the present invention; 

FIG. 3 is a graph showing conductance over time of a carbon nanotube 
undergoing photodesorption with ultraviolet (UV) light in a vacuum, according to 
another example embodiment of the present invention; 
20 FIG. 4 is a graph showing conductance over time of axarbon nanotube 

undergoing photodesorption with different intensities of ultraviolet (UV) light, 
according to another example embodiment of the present invention; 
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FIG. 5 is a graph showing current (T) versus gate voltage (V g ) of a carbon 
device undergoing photodesorption with ultraviolet (UV) light in a vacuum, 
according to another example embodiment of the present invention; and 

FIG. 6 is circuit arrangement including a carbon nanotube and a light source 
5 for molecular photodesorption from the carbon nanotube, according to another 
example embodiment of the present invention. 

While the invention is amenable to various modifications and alternative 
forms, specifics thereof have been shown by way of example in the drawings and 
will be described in detail. It should be understood, however, that the intention is 
10 not to limit the invention to the particular embodiments described. On the contrary, 
the intention is to cover all modifications, equivalents, and alternatives falling within 
the spirit and scope of the invention. 



Detailed Description 

1 5 The present invention is believed to be useful for a variety of different types 

of devices, and the invention has been found to be particularly suited for photo- 
induced desorption with carbon nanotubes. While the present invention is not 
necessarily limited to such applications, various aspects of the invention may be 
appreciated through a discussion of various examples using this context. 

20 According to an example embodiment of the present invention, it has been 

discovered that light directed to a carbon nanotube induces molecular desorbtion 
therefrom, which in turn affects electrical and chemical properties of the carbon 
nanotube. This photo-induced desorption (photodesorption) is useful for removing 
undesirable molecules from the carbon nanotube, is highly efficient and desorbs 
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molecules including both nearly chemisorbed and physisorbed molecules. For 
instance, when using the carbon nanotube to detect and/or isolate molecules via 
adsorption, it is useful to rapidly desorb molecules from the carbon nanotube prior to 
detecting and/or isolating additional molecules. In addition, when using the carbon 
5 nanotube in an electric circuit, it is useful to desorb molecules for manipulating one 
or more electrical characteristics of the carbon nanotube. With this approach, 
carbon nanotubes can be used to fonn molecular-scale wires that can be used in a 
variety of implementations, such as electronic circuits, molecular sensors and 
optoelectronic devices. 

10 FIG. 1 is a flow diagram for photodesorption from a carbon nanotube, such 

as a SWNT, according to another example embodiment of the present invention. At 
block 110, molecules are adsorbed to the carbon nanotube. This adsorption may 
occur, for instance, unintentionally (e.g., when the carbon nanotube is exposed to 
air) or selectively by introducing a gas to the carbon nanotube, for example, via a 

15 gas inlet to a chamber. In the context of such selective adsorption, e.g., the carbon 
nanotube is exposed to a gas selected for manipulating one or more properties of the 
carbon nanotube via adsorption of molecules in the gas. This selective adsorption 
approach is particularly useful, for example, for adsorbing molecules for selectively 
setting an electrical characteristic of the nanotube, such as the resistance of the 

20 nanotube, for use in a microelectronic circuit. In another example, this selective 
adsorption approach is useful for making the carbon nanotube selective for further 
adsorption of a second type of molecule for detecting the presence thereof. 

At block 120 of FIG. 1, a light source is used to direct light to the carbon 
nanotube and to desorb molecules therefrom. An electrical characteristic of the 
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carbon nanotube is detected at block 130 and used as an indication of the quantity 
and/or composition of the adsorbed molecules. If the detected electrical 
characteristic meets a threshold at block 140, a sufficient amount of the molecules 
have been desorbed and the light source is stopped at block 150. If the threshold is 
5 not met at block 140, light is again directed at block 120 and the electrical 
characteristic detected at block 130 until the threshold is met. 

The threshold used at block 140 is selected to correspond to one or more of a 
variety of electrical characteristics, depending upon the particular application in 
which the carbon nanotube is to be used. For example, when completely (or nearly 

10 completely) desorbing molecules from the carbon nanotube to remove a molecular 
species, the threshold is selected to be indicative of the carbon nanotube being free 
of the adsorbed molecules (e.g., the threshold corresponds to the behavior of the 
carbon nanotube prior to any adsorption). In another example, when a particular 
electrical characteristic (e.g., conductance) is desired for implementation of the 

15 carbon nanotube, the threshold is selected to correspond to the carbon nanotube 
exhibiting the desired characteristic. 

In another example embodiment of the present invention, characteristics such 
as wavelength and intensity of light directed to the carbon nanotube at block 120 are 
selected to achieve one or more particular photodesorption characteristics. In 

20 connection with this example embodiment, it has been discovered that the 

photodesorption of molecules is dependent upon the wavelength of the light. For 
instance, it has been found that ultraviolet light having a wavelength of about 254 
nanometers is useful for desorbing Oxygen from a carbon nanotube. As the 
wavelength of light varies from 254 nanometers, the desorbtion of Oxygen also 
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varies (e.g., the rate of desorption of Oxygen may decrease or even approach zero). 
Also in connection with this example embodiment, it has been discovered that the 
intensity of the light similarly affects the photodesorption of the molecules, as 
discussed in connection with FIG. 4 below. In this regard, photodesorption 
5 characteristics, such as a particular rate of desorption, can be controlled by using 
light of different wavelengths and/or intensities. This approach is particularly useful 
for controlling the rate of change of characteristics of the carbon nanotube, such as 
the conductance of the carbon nanotube, or for optimizing the wavelength and 
intensity of light applied to the carbon nanotube for rapid desorption of molecules 

10 therefrom, as discussed in connection with FIGs. 2 and 3 below. 

In another implementation, the wavelength of light directed to the carbon 
nanotube at block 120 is selected to correspond to the diameter of the carbon 
nanotube. In connection with this implementation, it has been discovered that 
photodesorption characteristics for carbon nanotubes vary in relation to the diameter 

15 of the carbon nanotube. Therefore, the diameter of the carbon nanotube undergoing 
photodesorption is used to select the wavelength of light applied at block 120. With 
this approach, it has been discovered that light having a wavelength of about 254 
nanometers is particularly useful for photodesorption of molecules from a carbon 
nanotube having a diameter of about 1.5 nanometers. 

20 In another particular example embodiment of the present invention, the light 

directed at block 120 causes 7t-electron plasmon excitation in the carbon nanotube 
(e.g., the collective excitation of Tt-electron oscillations in the nanotube), and the 
plasmon excitation induces molecular desorption from the carbon nanotube. More 
specifically, high electric fields associated with plasmon excitation enhance hot 
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electron generation in the carbon nanotube, and collective electron oscillations in the 
carbon nanotube de-excite into single-particle hot electron excitations. The hot 
electrons attach to molecules adsorbed to the carbon nanotube and induce desorption 
therefrom. Part of the plasmon excitation energy is dissipated through breaking 
5 molecule-carbon nanotube binding. 

In another example embodiment of the present invention, FIG. 2 shows 
conductance (G, being normalized by G\ = (2.8 kQ)' 1 ) versus time (t) in seconds of a 
SWNT grown using CVD on a catalytically patterned SiCVSi substrate and 
controlled contacting with electron-beam lithography. Ultra-violet (UV) light 

10 having a wavelength of about 254 nanometers, an intensity of about 2mW/cm 2 and a 
photon flux of about 2.5x1 0 l5 /cm 2 s is directed at the SWNT at ambient conditions 
during time intervals 210, 220 and 230. The light desorbs molecules (e.g., Oxygen) 
from the SWNT and thereby lowers the SWNT's conductance. The photodesorption 
causes a reduction of hole-carriers in the SWNT and thus lowers its conductance. 

15 Referring specifically to portion 205 of curve 200, the conductance of the 

SWNT decreases upon illumination with the ultraviolet light. Interval 210 
corresponds to the curve portion 205, with the SWNT being illuminated with the UV 
light for about 25 seconds. At node 206, the UV illumination is ceased and the 
conductance of the SWNT recovers (increases) at a rate slower than the rate of 

20 decrease, shown by curve portion 207, due to the gradual re-adsorption of molecules 
(e.g., Oxygen from ambient air). With the re-application of UV light at node 208 for 
interval 220, the conductance again decreases to node 226 at a level slightly below 
the level at node 206, due to the light being applied at an initial conductance lower 
than that for interval 210. As the UV illumination of interval 220 is ceased, the 
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conductance similarly recovers, and the cycle of conductance decrease followed by 
recovery is again repeated with interval 220. The approach shown in FIG. 2 may be 
useful, for example, for detecting the presence of molecules by adsorption to the 
carbon nanotube and subsequently cleaning the molecules from the carbon nanotube 
5 at the UV illumination intervals 210, 220 and 230. 

FIG. 3 shows conductance (G, normalized as in FIG. 2) versus time (t) in 
seconds of a SWNT undergoing photodesorption in a vacuum, according to another 
example embodiment of the present invention. A vacuum of about IxlO' 8 Torr is 
drawn on the SWNT, for example, using a vacuum chamber, and UV light having a 

1 0 wavelength of about 254 nanometers is directed at the SWNT for a time interval 3 1 0 
of about 500 seconds. The light causes molecular photodesorption from the SWNT, 
and the molecules are removed from the SWNT via the vacuum. In one particular 
implementation, inert gas is introduced to the SWNT during the photodesorption. 
The normalized conductance of the SWNT, shown with curve 300, continually 

1 5 approaches zero throughout the time interval 310, with no appreciable recovery after 
removal of the light. With this approach, molecules such as Oxygen are readily 
removed from the SWNT. After the photodesorption, the SWNT can be 
subsequently implemented in a variety of circuit arrangements (e.g., by desorbing 
the molecules from the SWNT, the influence of the molecules upon certain electrical 

20 characteristics of the SWNT, such as the conductance of the SWNT, is removed). 

In another example embodiment of the present invention, the intensity of UV 
light applied to a carbon nanotube is selected to achieve a desired conductance for 
implementation of the carbon nanotube in a particular circuit arrangement. FIG. 4 
shows three specific implementations with different intensities, with curves 410, 420 
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and 430 each showing normalized conductance over time, as in the figures above, 
for UV light having a wavelength, X, of about 254 nanometers with intensities of 
0.02 mW/cm 2 , 0.2 mW/cm 2 and 2.0 mW/cm 2 , respectively. The light intensity may 
be varied, for example, using neutral density filters. In curve 410, the UV light 
5 intensity maintains the normalized conductance of the carbon nanotube at about 

1 .00. For a slightly lower conductance, the UV light intensity is applied as shown in 
curve 420, with the normalized conductance approaching about 0.90 at about 900 
seconds of illumination. Finally, curve 430 shows UV illumination that achieves a 
normalized conductance that approaches about 0.70 at about 900 seconds of 
10 illumination. Each of these three implementations may be used, for example, for 

setting the conductance of the carbon nanotubes for implementation with a particular 
electronic circuit. 

FIG. 5 shows a curve 510 with current (I, in nanoamps) versus gate voltage 
(V g , in volts) for a circuit including a carbon nanotube over a substrate and a gate 

15 adapted to apply a gating voltage (eg., via capacitive coupling) to the carbon 
nanotube, according to another particular example embodiment of the present 
invention. The carbon nanotube device is first placed in a vacuum chamber, and a 
vacuum is drawn on the chamber to about lxl 0" 8 Torr. Light is directed to the 
carbon nanotube and desorbs molecules (e.g., 0 2 , NH 3 , N0 2 and/or other molecules) 

20 therefrom. This photodesorption may, for instance, be carried out in a manner 
similar to the photodesorption discussed in connection with FIG. 3. 

After the molecules are desorbed, the carbon nanotube device exhibits 
properties similar to an intrinsic semiconductor showing ambipolar FET behavior 
(e.g., both n-type and p-type FET behavior). More specifically, the device becomes 
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insulating at V g of between about -8V and +8V, shown by curve portion 530, 
exhibits electrical transport through the valence band (e.g., p-type behavior) at curve 
portion 520 and exhibits electrical transport through the conduction band (e.g., n- 
type behavior) at curve portion 540. Therefore, the gate can be used to control the 
5 behavior of the circuit by applying voltages in the ranges shown. 

FIG. 6 shows a carbon nanotube circuit arrangement 600 using 
photodesorption for manipulating properties of a carbon nanotube, according to 
another example embodiment of the present invention. The circuit arrangement 600 
includes a carbon nanotube 620, such as a S WNT, with opposite ends of the carbon 

10 nanotube 620 coupled to two electrodes 622 and 624. A light source 630 (e.g., an 
Ar ion diode laser, He-Ne diode laser and/or AlGaAs diode laser) is arranged over 
the substrate 605 for directing light 632 for desorbing molecules from the carbon 
nanotube 620. In one implementation, the light source 630 is part of the circuit 
arrangement 600 and activated, for example, using a control circuit also within the 

15 circuit arrangement 600. In another implementation, the light source 630 is separate 
from the circuit arrangement 600 and may be used, for example, during manufacture 
of the circuit arrangement 600. 

The substrate 605 includes one or more commonly available semiconductor 
substrate materials, such as silicon and silicon-based materials. The electrodes 622 

20 and 624 electrically couple the opposite ends of the carbon nanotube 620 to circuitry 
640 in the device via interconnects 642 and 644. In one implementation, the 
electrodes 622 and 624 include a catalyst material, and in another implementation, 
the catalyst material is coated with conductive material. For general information 
regarding carbon nanotubes, and for specific examples of carbon nanotubes 
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extending from catalyst particles that can be implemented in connection with the 
instant application, reference may be made to the above-referenced patent 
documents and publications. 

The carbon nanotube 620 operates in the circuit arrangement 600 in a 
5 manner similar to that shown in the foregoing figures. Light 632 directed at the 
carbon nanotube 620 desorbs molecules therefrom, and the desorbed molecules are 
optionally removed from the circuit arrangement 600 (e.g., using a vacuum). The 
light 632 is controlled to manipulate properties, such as conductive behavior 
(including semiconductive behavior), of the carbon nanotube 620. For example, 

10 light can be directed at the carbon nanotube 620 for altering the conductance of the 
carbon nanotube as discussed in connection with FIGs. 2 and 3. 

In another implementation, the circuit arrangement 600 further includes a 
gate 650 in the substrate 605. The gate 650 is arranged for applying a gating voltage 
to the carbon nanotube 620 for controlling the behavior of the carbon nanotube 620 

15 in a manner similar to that discussed in connection with FIG. 5. Specifically, the 
carbon nanotube 620 exhibits p-type behavior under gating voltages below about - 
8 V, exhibits insulative behavior at gating voltages of between about -8V and +8V 
and exhibits n-type behavior at gating voltages of over about +8V. 

In another example embodiment of the present invention, the substrate 605 

20 and the carbon nanotube 620 are enclosed in a chamber represented by dashed lines 
660, with the chamber being adapted to draw a vacuum on the substrate 605. The 
light source 630 directs the light 632 into the chamber 660 and to the carbon 
nanotube 620, and a vacuum drawn on the chamber removes molecules desorbed 
from the carbon nanotube by the light 632. Alternatively, inert gas is filled in the 
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chamber 660, which is particularly useful for preventing further adsorption of 
molecules to the carbon nanotube after they have been removed (e.g., due to the 
vacuum not removing all of the desorbed molecules from the chamber 660). The 
chamber 660 is then sealed and the light source 630 is removed. After the 
5 photodesoiption, the carbon nanotube 620 exhibits properties similar to those shown 
in FIG. 5, and the sealed chamber 660 prevents additional molecules from 
contacting and adsorbing to the carbon nanotube 620. The gate 650 is adapted for 
applying voltages similar to those shown in FIG. 5, and the carbon nanotube 620 
exhibits ambipolar FET behavior. 

10 In one particular implementation, the light source 630 is separate from the 

circuit arrangement 600 and used during a manufacturing process of the device 600. 
Once the molecules are desorbed from the carbon nanotube 620, the chamber 660 
discussed above is used to prevent further adsorption of molecules thereto and the 
carbon nanotube can be implemented in a circuit arrangement, where gas molecules 

15 are prevented from accessing the carbon nanotube 620. In one instance, the chamber 
660 includes a semiconductor substrate in which the circuit arrangement 600 is 
buried. In another instance, the chamber 660 is a vacuum chamber used during 
manufacture of the circuit arrangement 600, which is subsequently buried in a 
semiconductor substrate that prevents molecules from adsorbing to the carbon 

20 nanotube 620. 

In another implementation, the circuit arrangement 600 detects the 
wavelength of light 632 being applied thereto (e.g., as a photodetector). As 
discussed above, the carbon nanotube 620 responds differently to different 
wavelengths of light. In this regard, the circuitry 640 is used to detect the 
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conductance of the carbon nanotube 620 across the electrodes 622 and 624. As the 
light 632 is directed to the carbon nanotube 620, the rate of change in conductance 
across the electrodes 622 and 624 is detected and used to identify the wavelength of 
the light, as discussed in connection with FIG. 1 . 
5 In another implementation, the circuit arrangement 600 is used for sensing 

molecular species. Molecules are exposed to the carbon nanotube 620 and adsorbed 
thereto. An electrical characteristic of the carbon nanotube 620 is detected via the 
circuitry 640 and electrodes 622 and 624. The electrical characteristic is used to 
identify the type of molecules adsorbed to the carbon nanotube 620, for example, 

10 using a change in resistance of the carbon nanotube to detect that a particular type of 
molecule has been adsorbed thereto. In one particular instance, the circuit 
arrangement 600 optionally includes a computer arrangement 670 coupled to the 
circuitry 640 and adapted for comparing the electrical response of the carbon 
nanotube 620 to known electrical responses of a carbon nanotube to a particular 

15 molecular species. When the response of the carbon nanotube 620 matches that of a 
known response, the molecules adsorbed to the carbon nanotube can be identified. 
After the molecules have been identified, the light source 630 directs light 632 to the 
carbon nanotube 620 to desorb the molecules therefrom, and the circuit arrangement 
600 is ready for detecting another molecular species. With this approach, rapid 

20 desorption of molecules from the sensor is readily achieved, thus making possible 
rapid recovery of the sensor circuit arrangement 600 for use in detecting additional 
molecular species. 

In still another implementation, the circuit arrangement 600 is implemented 
in a memory arrangement, with the carbon nanotube 620 being used to store data as 
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a function of molecules adsorbed thereto. The light source 630 is configured and 
arranged to control the data by selectively desorbing molecules from the carbon 
nanotube 620. In one instance, the carbon nanotube 620 is exposed to an 
environment of a selected gas, such as 0 2 and/or NH 3 and/or N0 2 , molecules of 
5 which adsorb to the carbon nanotube 620. A first state of the carbon nanotube 620 
involves the molecules being adsorbed to the carbon nanotube, which results in the 
carbon nanotube 620 exhibiting a first conductance. A second state of the carbon 
nanotube 620 involves the molecules not being adsorbed to the carbon nanotube (or 
a different amount of molecules being adsorbed to the carbon nanotube), as 

10 controlled by the light source 630, which results in the carbon nanotube exhibiting a 
second conductance. These first and second states of the carbon nanotube 620 are 
used as first and second memory states, such as "ON" and "OFF" states or "ONE" 
and "ZERO" states. The presence of the molecules is controlled via selective 
photodesorption from the carbon nanotube 620 with the light source 630, which 

15 switches the carbon nanotube 620 between states. With this approach, data can be 
written to and erased from the carbon nanotube 620, with the presence or absence of 
the molecules adsorbed to the carbon nanotube 620 effectively being the "data." 
The circuitry 640 is thus used to detect the state that the carbon nanotube 620 is in 
and to read out the state, such as for reading out a "ONE" or a "ZERO." 

20 With the memory-arrangement approach discussed above in connection with 

FIG. 6, the carbon nanotube 620 may be implemented in a variety of memory 
applications. In one instance, the carbon nanotube 620 is replicated in an array of 
nanotube-memory cells (not shown) having molecules adsorbed thereto for read- 
only memory, with selective ones of the nanotube-memory cells being erased via 
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photodesorption during a manufacturing process for the replicated carbon nanotubes. 
Alternatively, molecules are selectively adsorbed to the replicated carbon nanotubes, 
either in connection with or independently from the photodesorption. 

In another particular implementation, photodesorption from carbon 
5 nanotubes is used to prevent reverse engineering of a circuit arrangement, such as 
the memory arrangement discussed above in connection with FIG. 6. For example, 
a carbon nanotube is erased in a vacuum and sealed in a circuit arrangement. When 
the nanotube is exposed to for reverse engineering, molecules such as Oxygen in air 
desorb onto the carbon nanotube, permanently altering the electrical characteristics 
10 of the circuit arrangement including the carbon nanotubes. Therefore, the state of 
conductance of the carbon nanotubes prior to exposure cannot necessarily be 
detected. 

In another particular implementation, an array of carbon nanotubes is 
programmed by selectively adsorbing molecules to individual ones of the carbon 

15 nanotubes using, for example, the adsorption and photodesorption techniques 

discussed above. To deprogram the array, the carbon nanotubes are exposed to light 
to erase data (molecules) stored on the carbon nanotubes. This approach is 
particularly useful, for example, for one-time usage of data programmed onto the 
carbon nanotubes, as with a conventional read-only memory, such as EPROM. 

20 In another instance, the circuit arrangement 600 is used as a fusible link for 

enabling or disabling an electrical connection, such as for enabling or disabling 
memory cells. By controlling the conductance of the carbon nanotube 620 via 
photodesorption of molecules adsorbed thereto, the carbon nanotube 620 can be 
used as a link, or switch, to close a circuit across the nodes 620 and 622. This 
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fusible link is particularly useful for enabling or disabling circuitry, such as a 
particular memory bank or a particular circuit element. In addition, by making 
access to the carbon nanotube 620 difficult (e.g., by burying the carbon nanotube 
620 in a semiconductor substrate), reverse engineering of the circuit in which the 
5 carbon nanotube is implemented is impeded due the difficulty in detecting the 

conductance state of the carbon nanotube. For general information regarding fusible 
links, and for particular information regarding fusible links to which the present 
invention may be applied, reference may be made to U.S. Patent No. 5,532,966 
(Poteet, et aL\ which is fully incorporated herein by reference. 

10 The various embodiments described above are provided by way of 

illustration only and should not be construed to limit the invention. Based on the 
above discussion and illustrations, those skilled in the art will readily recognize that 
various modifications and changes may be made to the present invention without 
strictly following the exemplary embodiments and applications illustrated and 

15 described herein. For instance, such changes may include modifying the carbon 
nanotubes for sensing one or more particular molecular species, altering the circuit 
arrangements, and where appropriate, using the SWNTs as building blocks for more 
complex devices. Such modifications and changes do not depart from the true spirit 
and scope of the present invention. In addition, for general information regarding 

20 carbon nanotubes, and for specific information regarding carbon nanotube 
implementations that may be used in connection with the present invention, 
reference may be made to the attached Appendices A and B, which are fully 
incorporated herein by reference. 
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What is claimed is: 

1 1 . A method for using a carbon nanotube device including a carbon nanotube, 

2 the method comprising: 

3 using a light source to direct light at the carbon nanotube and to desorb 

4 molecules from the carbon nanotube. 

1 2. The method of claim 1 , wherein using a light source to direct light at the 

2 carbon nanotube includes exciting plasmons in the carbon nanotube with the 

3 directed light. 

1 3. The method of claim 1, wherein using a light source to direct light at the 

2 carbon nanotube includes directing ultraviolet (UV) light at the carbon nanotube, the 

3 UV light having a wavelength that is sufficient to desorb the molecules from the 

4 carbon nanotube. 

1 4. The method of claim 3, wherein directing UV light at the carbon nanotube 

2 includes directing UV light having a wavelength of about 254 nanometers. 

1 5. The method of claim 4, wherein directing UV light at the carbon nanotube 

2 includes directing UV light having an intensity of about 2.0 mW/cm 2 at the carbon 

3 nanotube. 
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1 6. The method of claim 1 , further comprising drawing a vacuum on the carbon 

2 nanotube and preventing molecules from adsorbing to the carbon nanotube, after 

3 using a light source to desorb molecules from the carbon nanotube. 

1 7. The method of claim 6, further comprising applying a gating voltage to the 

2 carbon nanotube. 

1 8. The method of claim 7, wherein applying a gating voltage to the carbon 

2 nanotube includes applying the gating voltage such that the carbon nanotube exhibits 

3 electrical transport through the valence band in response to applying a high negative 

4 voltage thereto, exhibits insulative behavior in response to applying about zero 

5 voltage thereto and exhibits electrical transport through the conduction band in 

6 response to applying a high positive voltage thereto. 

1 9. The method of claim 1 , further comprising: 

2 applying a voltage across the carbon nanotube; 

3 detecting a change in an electrical characteristic of the carbon nanotube; and 

4 using the detected change to detect that the molecules have been desorbed 

5 from the carbon nanotube. 

1 10. The method of claim 1, prior to using a light source to direct light at the 

2 carbon nanotube, further comprising: 

3 introducing molecules to the carbon nanotube; 
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4 detecting an electrical characteristic of the carbon nanotube and detecting the 

5 presence of the molecules via the detected electrical characteristic; and 

6 wherein desorbing molecules from the carbon nanotube includes using the 

7 light source to purge the introduced molecules from the carbon nanotube. 



1 11. The method of claim 1 , further comprising sealing the carbon nanotube in a 

2 circuit arrangement that prevents molecules' from adsorbing to the carbon nanotube, 

3 after using a light source to desorb molecules from the carbon nanotube. 

1 12. A carbon nanotube device comprising: 

2 a carbon nanotube; and 

3 means, configured and arranged to direct light at the carbon nanotube and to 

4 desorb molecules from the carbon nanotube. 



1 13. A carbon nanotube device comprising: 

2 a carbon nanotube; and 

3 a light source configured and arranged to direct light at the carbon nanotube 

4 and to desorb molecules from the carbon nanotube. 

1 14. The carbon nanotube device of claim- 1 3, wherein the light source is 

2 configured and arranged to selectively direct the light to the carbon nanotube. 
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1 15. A molecular sensor comprising: 

2 a carbon nanotube; 

3 means for introducing molecules to the carbon nanotube, the molecules 

4 adsorbing to the carbon nanotube and changing an electrical characteristic thereof; 

5 a detection circuit configured and arranged to detect the changed electrical 

6 characteristic of the carbon nanotube and to detect the presence of the adsorbed 

7 molecules via the changed electrical characteristic; and 

8 a light source configured and arranged to direct light to the carbon nanotube, 

9 after detecting the presence of the adsorbed molecules, and to desorb the molecules 
1 0 from the carbon nanotube. 

1 16. The molecular sensor of claim 1 5, wherein the detection circuit is further 

2 configured and arranged for detecting the composition of the molecules adsorbed to 

3 the carbon nanotube via the detected changed electrical characteristic. 



1 17. A circuit arrangement comprising: 

2 a carbon nanotube; 

3 circuitry coupled across the carbon nanotube; and 

4 a light source configured and arranged to direct light to the carbon nanotube 

5 for desorbing molecules therefrom. 

1 18. The circuit arrangement of claim 1 7, wherein the light source is adapted to 

2 change the conductance of the carbon nanotube via the directed light. 
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1 19. The circuit arrangement of claim 17, further comprising: 

2 a chamber that includes the carbon nanotube; and 

3 a vacuum arrangement configured and arranged to draw a vacuum on the 

4 chamber. 

1 20. The circuit arrangement of claim 1 9, wherein the vacuum arrangement is 

2 configured and arranged to remove desorbed molecules from the chamber. 

1 21 . The circuit arrangement of claim 1 7, further comprising a silicon substrate 

2 having a gate therein, the carbon nanotube being over the gate in the silicon 

3 substrate, the gate being configured and arranged to capacitively couple a voltage to 

4 the carbon nanotube. 

1 22. The circuit arrangement of claim 2 1 , wherein the carbon nanotube exhibits 

2 electrical transport through the valence band in response to the gate capacitively 

3 coupling a high negative voltage thereto, exhibits insulative behavior in response to 

4 the gate capacitively coupling about zero voltage thereto, and exhibits electrical 

5 transport through the conduction band in response to the gate capacitively coupling a 

6 high positive voltage thereto. 

1 23. The circuit arrangement of claim 1 7, wherein the light source is configured 

2 and arranged to apply ultraviolet light to the carbon nanotube. 
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1 24. The circuit arrangement of claim 17, wherein the light source is configured 

2 and arranged to direct light having a wavelength of about 254 nanometers. 

1 25. The circuit arrangement of claim 1 7, wherein the carbon nanotube exhibits a 

2 conductance that is a function of the wavelength of the light being directed thereto, 

3 and wherein the light source is configured and arranged to control the conductance 

4 of the carbon nanotube via the wavelength of the light directed thereto. 

1 26. The circuit arrangement of claim 17, further comprising a gas supply 

2 configured and arranged to introduce a gas that attaches to the carbon nanotube and 

3 to increase the conductance of the carbon nanotube via the attached gas. 

1 27. The circuit arrangement of claim 17, wherein the carbon nanotube exhibits a 

2 conductance that is a function of the intensity of the light being directed thereto, and 

3 wherein the light source is configured and arranged to control the conductance of the 

4 carbon nanotube via the intensity of the light. 

1 28. A memory arrangement comprising: 

2 a carbon nanotube; 

3 a source configured and arranged to introduce molecules to the carbon 

4 nanotube for adsorbing the molecules to the carbon nanotube; 

5 a light source configured and arranged to direct light at the carbon nanotube 

6 and to selectively desorb said molecules from the carbon nanotube; 
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7 memory circuitry electrically coupled to the carbon nanotube and configured 

8 and arranged for detecting an electrical characteristic of the carbon nanotube, the 

9 electrical characteristic being responsive to the molecules; and 

1 0 wherein the detected electrical characteristic exhibits a first state in response 

1 1 to the carbon nanotube having the molecules adsorbed thereto and wherein the 

12 detected electrical characteristic exhibits a second state in response to the carbon 

13 nanotube not having the molecules adsorbed thereto. 

1 29. The memory arrangement of claim 28, wherein the memory circuitry is 

2 configured and arranged for reading out a first value in response to the detected 

3 electrical characteristic exhibiting the first state and for reading out a second value in 

4 response to the detected electrical characteristic exhibiting the second state. 

1 30. The memory arrangement of claim 28, wherein the light source is configured 

2 and arranged to selectively desorb the molecules in response to a write access to the 

3 carbon nanotube. 

1 31. The memory arrangement of claim 3 0, wherein the light source is configured 

2 and arranged to switch the carbon nanotube between the first and second states, via 

3 the directed light, in response to signals applied to the light source. 

1 32. A memory array comprising: 

2 a plurality of memory cells including at least one carbon nanotube device, 

3 the carbon nanotube device being configured and arranged to exhibit a conductance 
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4 state in response to the presence of molecules adsorbed thereto, wherein the 

5 presence of molecules adsorbed thereto is responsive to light applied to the carbon 

6 nanotube. 

1 33 . A circuit arrangement comprising: 

2 first and second circuit nodes; and 

3 a carbon nanotube device electrically coupled between the first and second 

4 circuit nodes and configured and arranged to selectively electrically couple the first 

5 and second circuit nodes as a function of the presence of molecules adsorbed to the 

6 carbon nanotube, the adsorption of the molecules to the carbon nanotube being 

7 responsive to light selectively applied to the carbon nanotube. 

1 34. A carbon nanotube photodetector comprising: 

2 a carbon nanotube having molecules adsorbed thereto; and 

3 a photodetection circuit coupled to the carbon nanotube and configured and 

4 arranged to detect an electrical characteristic of the carbon nanotube, the detected 

5 electrical characteristic being indicative of molecules being desorbed from the 

6 carbon nanotube as a function of light being applied to the carbon nanotube. 



27 



WO 02/086480 



1/4 



PCT/US02/12033 



No 



Adsorb 
molecules to 
carbon nanotube 



Direct light 
source to 
carbon nanotube 



Detect electrical 
characteristic of 
carbon nanotube 



Does electrical 
characteristic 
meet threshold? 



Yes 



Stop light 
source 



110 



120 



130 



140 



150 



Fig. 1 



WO 02/086480 



2/4 



PCT/US02/12033 




WO 02/086480 



3/4 



PCT/US02/12033 




WO 02/086480 



4/4 



PCT/US02/12033 




INTERNATIONAL SEARCH REPORT 


International application No. 
PCT/ US02/ 12033 


A. CLASSIFICATION OF SUBJECT MATTER 

IPC(7) :G01N 27/00 

US CL :422/82.05, 83, 90, 98; 436/151, 164, 177 
According to International Patent Classification (IPC) or to both national classification and IPC 


B. FIELDS SEARCHED 


Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 422/82.05, 83, 90, 98; 436/151, 164, 177 


Documentation searched other than minimum documentation to the extent that such documents are included in the fields 
searched 


Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 

STN CAPLUS, EAST 

search terms: photodesorption, nanotubes 


C DOCUMENTS CONSIDERED TO BE RELEVANT 


Category* 


Citation of document, with indication, where appropriate, of the relevant passages 


Relevant to claim No. 


X, E 


CHEN, R.J. "Molecular photodesorption from single-walled carbon 
nanotubes" Applied Physics Letters, October 2001, Vol. 79, No. 14, 
pages 2258-2260. 


1-34 


X 


KOSHIO, A. et al, "In situ laser-furnace TOF mass spectrometry of 
C36 and the large-scale production by arc-discharge" J. Phys. Chem. 
B, July 2000, Vol. 104, pages 7908-7913, especially pages 7908- 
7909. 


12-14 


Y 


US 5,448,906 A (CHEUNG) 12 September 1995, entire document. 


1-34 


Y 


US 4,495,793 A (HAGER) 29 January 1985, entire document. 


1-34 


X Further documents are listed in the continuation of Box C. [ | See patent family annex. 


* Special categories of cited documents: 

"A" document defining the general state of the art which is not 
considered to be of particular relevance 

"E" earlier document published on or after the international filing date 

"L" document which may throw doubts on priority claim(s) or which is 
cited to establish the publication date of another citation or other 
special reason (as specified) 

"O" document referring to an oral disclosure, use, exhibition or other 
means 

"P" document published prior to the international filing date but later 
than the priority date claimed 


"T" later document published after the international filing date or priority 
date and not in conflict with the application but cited to understand 
the principle or theory underlying the invention 

"X" document of particular relevance; the ctaimed invention cannot be 
considered novel or cannot be considered to involve an inventive step 
when the document is taken alone j 

"Y" document of particular relevance; the claimed invention cannot be 
considered to involve an inventive step when the document is 
combined with one or more other such documents, such combination 
being obvious to a person skilled in the art 

document member of the same patent family 


Date of the actual completion of the international search 
29 JUNE 2002 


Date of mailing of the international search report 

3 1 JUL JMi 


Name and mailing address of the ISA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington, D.C 20231 
Facsimile No. (703) 305-3230 


Authorized officer S) 

JEFFREY R. SNAY C^ £ y^ L 
Telephone No. (703) 308-0661 





INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US02/ 12033 



C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



Y 
Y 



US 5,436,167 A (ROBILLARD) 25 July 1995, entire document. 

US 5,866,434 A (MASSEY et al) 02 February 1999, entire 
document. 

US 6,162,926 A (MURPHY et al) 19 December 2000, entire 
document. 

US 5,653,951 A (RODRIGUEZ et al) 05 August 1997, entire 
document. 

US 5,626,650 A (RODRIGUEZ et al) 06 May 1997, entire 
document. 



1-34 
1-34 

1-34 

1-34 

1-34 



Form PCT/ISA/'JIO (continuation of second sheet) (July 199S)* 



